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I. INTRODUCTION AND llACKGROUi)

In recent years, much work has been done under the auspice of the
Department of Transportation (DOT) to reduce the dangers associated with
the transportation of hazardous materials by railroad tank cars. One
important phase of the effort consisted of the development of a shield
system to decrease the likelihood of a tank car being punctured by the
coupling mechanism of an adjacent car as a consewence of a rail accident.

This work has resulted in the promlgation of amendments to Parts 173
and 179 of Title 49, Code of Federal Regulations, which govern the con-
struction and use of railroad tank cars. One of these regulations (Federal
Regulation 1M-144) issued by the Materials Transportation bureau, Department
of Transportation, mandates that a tank head puncture resistance system,
referred to as a tank car head shield, be affixed to specified rail tank
cars. This regulation, issued 15 September 1977 (Federal Register, Volume 43)
applies to all DOT classification 112 and 114 tank cars which are used for
the shipment of hazardous materials such as liquefied flamable gases and
anhydrous ammonia.

The work in this area is being conducted as part of the Federal
Railroad Administration (FRA) Tank Car Safety Program. The Ballistic
Research Laboratory (BPL), under contract to the FRA/DOT, has been instrumental
in the success of the Tank Car Safety Program almost from its inception by
fabricating testing facilities, performing experimental tests and conducting
theoretical analysis.

Assuming that a tank car head shield has proven to be effective in
protecting a tank car from sustaining a puncture due to an accident, an
additional requirement is that the head shield and its attachments to the tank
car be capable of withstanding the forces and vibrations due to normal railroad
operations without losing their designed shielding capabilities. Currently
there are MR test standards which must be met by a candidate head shield to
ensure this capability. However, further test procedures are needed to
evaluate the head shield and its attachments in terms of long range cumulative
fatigue effects.

In previous DOT work, where a specific tank cal esd shield design was
evaluated for its susceptibility to fatigue damge, '1 it was determined that
the most serious situation during normal operations is the car coupling
impact environment (or "humping") and that if the shield can withstand the
effects of this environment without significant fatigue damage, then there
will be ample margin for safely absorbing the effects from all other over-the-
rad envirouments.

1A.AiW(Up., N~hav. 05 Repot on Mead S~.Zd Fatique reete,1 (MAR-RID?).
Raitroa4 rank Car' Safety Researoh nd Teat Pojeet6 Nower 105.

2R.Johneon, "Selooted Topto in Tank Cr Safety Research, Vot X.: ttiue
80aluwation of Prototype rank& Car lead W~aeld," PRA/ORD-78-58,I, Aaugut 1978
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The approach taken in this study to develop a procedure for determining
long range fatigue effects was to perform a series of tank car coupling
impact tests with instrumented head shields and to record measurements which
reflect the dynamic response of the head shield (and its attachments) and
then to devise a method for extrapolating these values in a cumulative way
over a long period of time.

The specific test conditions were chosen primarily on the basis of
requirements provided in the Association of American Railroads (AAR)
document entitled "Specifications of Tank Cars." These requirements set
certain criteria which must be met before judging a specific head shield
design as acceptable. These criteria, delineated in Appendices A, B, and
C, constitute immediate standards of performance which naturally must be
satisfied before any consideration of long term fatigue effects can be
justified.

All testing performed in the present study was accomplished at
Aberdeen Proving Ground, Maryland. The BRL provided and installed the '

required instrumentation, but the US Army Material Test Directorate (NTD)
executed the test program because of their extensive experience in proof
testing. MTD provided the required data recording equipment and conducted
the tests according to a prescribed test plan. All raw data were transferred
to BRL for subsequent reduction and analysis.

II. OBJECTIVES

The primary objective of this program was to examine in detail the
fatigue performance of a typical railroad tank car head shield and its
attachments when subjected to a car-coupling impact environment. This
included performing tests in compliance with the specification set forth by the
MAR for evaluating tank car head shields. However, since this was a research
effort, further testing was performed using different test configurations so that
additional car-coupling impact conditions of interest, meeting the needs of
the secondary objective, could be examined.

The secondary objective was twofold. The first part was to evaluate the
present test criteria for establishing the structural adequacy of head
shield designs and attachments. The second part was to obtain indications of
potential modes of head shield structural failure, which might occur after
prolonged service, so that attention can be directed toward these areas during
routine inspections.

This report deals only with the primary objective even thoueh all the various
testing procetvres and conditions are described herein. The urgent need
for an evaluatfon of this particular prototype head shield, subject to
Federal Regulation 1M-144, dictated that this investigation be limited
to those data relevant to achieving the primary objective. An analysis
of the data and conclusions relative to the secondary objective will be
documented in a subsequent report.

10
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III. THE TANK CAR HEAD SHIELD AND TEST INSTRU1FNATION DESCRIPTION

The tank car used in the tests was provided by the Phillips Petroleum

Company and the car had the following characteristics:

Omner' s No. PSPC21725
Classification 112A400W
Service Anhydrous Ammonia
Built January 1958
Tank Capacity 14,656 gallons (55.48 KL)
Capacity 110,000 pounds (49.4 Mg)
Light Weight 66,400 pounds (30.1 Mg)
Water Capacity 122,059 pounds (55.36 Mg)

The head shield used in the tests was designed, fabricated, and
installed by RAILGARD, Inc. Figure I shows the head shield in place on the
tank car. The head shield stands vertically and is situated so that in the
event the car is impacted by a coupler during an accident, the head shield
will intercede with the tank, thus minimizing the likelihood of a puncture.
Construction details of the head shield are shown in Figure 2. The bottom
of the head shield is bolted to two brackets which in turn are welded to the
center sill (the main support beam running the length of the tank car).
In addition, the head shield is supported by two struts (braces) which are
connected to either side of the shield toward the top and also connected to
the bolster (a section of the main frame of the car which supports the
tank), Figure 3 shows a view of the head shield and how it was attached to
the car. Identical head shields were attached to both ends of the car.

A dynamic finite element analysis of the head shield under representa-
tive car coupling impact conditions was conducted by Dr. Wilkinson of
Louisiana Tech University. The purpose of this analysis was to create a
basis for choosing appropriate locations for the instrumentation. Typical
results, presented in Figure 4, show that the most likely positions for high
stress levels in the head shield were below and inside of the attachment
between the side strut and the shield and above and outside of the attach-
ment to the center sill connecting bracket. Consequently, these: two areas
were instrumented for measuring strains. Other positions were also
instrumented to obtain a breader understanding of the response of the shield
to dynamic loads.

A summary of the Information concerning the strain gauges used in the
tests is presented in Table 1. There were five different positions where
strain gauges were installed. The number I position is located near the
point where the strut is attached to the head shield, the number 2 position
is located above and to the right of the bracket attachment to the head
shield and the center sill, the number 3 position is located near the top
and center of the head shield, and the number 4 position is located near the
bottom of the head shield and to the right of the bracket connecting
the head shield to the center sill. Strain gauges were placed on the front
and rear surfaces of the shield at this position and were wired in a two-
active-arm bridge configuration sensitive to the bending moment. These

11No n W
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TABLE I. INSTRENTATION USED ON TANK CAR HEAD SHIELD TESTS

Orientation Gauge
Gauge (V: Vertical Position

Channel H: Horizontal (See Figs
No. Type S: Slant) 5 and 6) Location

1 Strain V Left
2 Gauge S 2 Side
3 Rosette H Front

4 Strain V Left
S Gauge S 2 Side
6 Rosette H Rear

7 Strain V Right
8 Gauge S 2 Side
9 Rosette H Front

10 Strain V Right
11 Gauge S 2 Side
12 Rosette H Rear

13 Strain V Right
14 Gauge S 1 Side
15 Rosette H Front

16 Strain V Right
17 Gauge S I Side
18 Rosette H Rear

19 Strain V Left
20 Gauge S 5 Center Sill
21 Rosette H Bracket

22 Strain V Right
23 Gauge S 5 Center Sill
24 Rosette H Bracket

25 Single Element Along Left Strut Support
26 Strain Gauges Axis Right Strut Support

27 Single Element H 3 Front Center
28 Strain H 4 Left Side*
29 Gauges H 4 Right Side*

30 Dynamometer H - Instrumented End
31 Couplers (force) H - Noninstrumented End

32 V - Instrumented End
33 Accelerometers H - Instrumented End
34 V - Noninstrumented End

*Single gauges on front and back side wired into a two-active-arm strain gage
bridge sensitive to bending in the plate.

16
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four positions on the right of the shield are noted in the diagram presented in
Figure 5. The number S position is located on the bracket connecting the head
shield to the center sill, as shown in Figure 6. The strain gauges were
placed at these five positions as indicated in Figures S and 6. In addition
to these locations, single element strain gauges were applied to each of the
head shield support struts.

The two conventional couplers on the test car were replaced with calibra-
ted dynamometer couplers for the test series. These provided the measure-

ment of coupler force for each impact.

Three accelerometers were attached to the test car to measure its accelera-
tion response to the impacts. Accelerometers were attached to the center sill
at each end of the car and oriented for sensitivity to vertical motion. The
third accelerometer was also attached to the center sill at the end of the car
supporting the instrumented head shield, but oriented for longitudinal sensitivity.
All three accelerometers (CEC Type 4-202) were unbonded strain gauge type
having a bridge resistance of 350 ohms.

The gauges were connected to appropriate signal conditioning and recording
equipment by means of a bundle of four-conductor shielded cables. The equip-
ment was located in a trackside mobile van. The signal conditioners provided
excitation, balance adjustment, and amplification of all transducer signals for
recording. The data were recorded using three Sangamo P tape recorders,
operating at a tape speed of 7.S inches per second. A voice channel and a
time code channel were also assigned to each recorder providing time base
coherence for all of the data channels.

The recorder channel assignments for the strain gauges are listed in
Table 1. Each of the rosette strain gauges required three recording channels
corresponding to the three orientations (vertical, slant, and horizontal).The
single element strain gauges required one channel each.

Two lever switches actuated by the passage of a wheel were mounted on the
track close to the impact point. The car speed at impact was calculated from
the time required for the leading wheel to travel to the known distance between
the switches.

IV. TEST CONDITIONS AND PROCEDURES

There were three conditions under which the head shield was tested. The
first condition (Figure 7) consisted of the test car (the car with the
instrumented head shield) acting as a restrained "anvil" car. The test car
(filled with water to its load limit) was coupled to a string of three fully
loaded flat cars and,- after removing all the slack between cars the braes on
all four cars were set. The test car was impacted by a "hamer"1 car of
63.5 Mg (70 tons) capacity loaded to its allowable gross weight. The second
test condition (Figure 8) was the same as the first except that the test car,
which was the "anvil" car, was empty, unrestrained (no back-up cars). and
free-to-roll. For the third condition, (Figure 9) the test car acted as the
"hammer" car. In this case the test car was accelerated to the required

17
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LOADED, BRAKED, BACKUP CARS IMPACTING 70TON CAR
TANK CAR

CONFIGURATION FOR ANVIL CAR TEST (RESTRAINED)

Figure 7.
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CONFIGURATION FOR ANVIL CAR TEST (FREE-TO-ROLL)

Figure 8.
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speed and then impacted into the string of three flat cars described under
the first test condition.

The first and second test conditions conform to the requirements
delineated in AAR .24-5 (Appendix 3) and AAR .25 (Appendix C), respectively.
The third test condition was added to the test series because it was felt
that it will give severe resisting forces to the impacting tank car and may
represent the upper limit to conditions found in normal operating service.

For each of these three test conditions a series of tests were conducted
where the impacts occurred at the "instrumented" end of the test car, that is,
the end of the car having the head shield with the strain gauges installed.
Each series was then repeated with the test car reversed so that the impacts
occurred at the "non-instrumented" end of the test car. Thus a total of six
series of tests were conducted.

The first impact of each test series occurred at a minimal "hamer" car
speed of 1.8 m/s (4 miles/hour). Subsequent impacts occurred with the minimal
speed increased in increments of 0.45 km/s (1 mile/hour) until a coupler force
of 5.56 MN (1,250,000 lbs) was reached. The "hamer" car was set into otion
by pushing it with a locomotive. When it had reached the desired speed, it
was uncoupled from the locomotive and allowed to roll freely toward the "anvil"
car. The locomotive was biaked so that it did not participate in the impact event.

V. TEST RESULTS AND ANALYSIS

As stated in Section II, only the analysis relevant to the headshield
evaluation using the AAR test specifications and procedures is considered
in this report. The tests described in Section IV using the second (Figure 8)
test condition were conducted in accordance with the AAR .25 test requirement
(Appendix C). The impact or "hammer" car used on the tests had a gross
weight 15% less than that called for in the AAR specification, but it was
the heaviest available. This impact car was a flat car loaded with steel
plate to a gross weight of 84.8 Mg (187,000 pounds). The load was securely
fastened into place to prevent shifting.

A thorough visual inspection of the test car and its head shield was
made after every test. There was no indication of structural damage.

The impact speeds and peak coupler forces are presented in Table II
for the test runs associated with the AAR .25 test specification. It shculd
be noted that when the coupler force has reached the threshold of 5.56 M4
(1,250,000 pounds), the test was repeated one or more times at the same
nominal impact speed. This was done to ensure the acquisition of "worst case"
strain data.

The strain gage recordings are characterized by a cyclic waveform where,
after the first two or three half-cycles, the absolute value of each succeeding
peak diminishes in magnitude. A Fourier analysis of these recordings revealed
that the predominant fundamental frequmcy of the head shield vibrations was

21



TABLE 11. Impact Speed and Coupler Force

Car Orientation Test Impact Speed 'roupler Force
No. u/s miles/hr. ?4N Pounds

Impact at 17 2.32 5.2 1.94 435,000
non-instrumented 18 2.68 6.0 4.38 915,000

end 19 3.08 6.9 4.9S 1,113,000
20 3.62 8.1 5.70 1,281,000
21 3.62 8.1 5.85 1,315,000
22 3.62 8.1 5.80 1,304,000

Impact at 25 2.37 5.3 1.64 369,000
instrumented 26 2.73 6.1 3.00 675,000

end. 27 3.13 7.0 4.30 966,000
28 3.58 8.0 5.62 1,265,000
29 3.58 8.0 5.62 1,264,000
30 3.67 8.2 5.69 1,279,000

22
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16.8 Hz. The first three peaks (that is, the first three half-cycles of
vibration) of each record were measured to obtain the magnitude and sign of
the strain (tensile strain is positive). Principal strains at each gauge
location on the head shield were then calculated using the standard formula
for strain gauge rosettes. These strain data are tabulated in Appendix D.

An analysis of the principal strain data revealed that the maximum
absolute strains were recorded at strain gauge position number 2, the point
on the head shield near its attachment to the center sill connecting
bracket. This finding conforms with the predictions made prior to testing.
The largest strains occurred on the tests where the coupler force exceeded
5.56 WN (1,250,000 pounds) and where the test car was oriented with its
instrumented head shield at the end opposite the impact. Data for nine cases
representing the absolute value of the largest measured strains were selected
from Appendix D and are summarized in Table III.

The test requirements of AAR .25 specify the conversion of measured
strains to stresses using the "idealized true stress-strain curve" of the
material involved. The peak stress values thus obtained are not to exceed
the yield strength of the material as defined by the 0.2 percent offset
method. The head shield under test was constructed of AST-A242 steel which
has a yield strength of 345 MPa (50,000 psi). A plot of the "idealized true
stress-strain curve" is shown in Pigure 10. The measured strain values from
Tablp III were entered onto the curve and their corresponding values for peak
stress were read and listed in the last column of Table III. It can be seen
that in all nine cases the indicated stresses are well below the 345 MPa
(50,000) yield strength of the material. Therefore, the head shield design
satisfies the requirement set forth in MAR .25.

VI. SUNtARY

The complex response of the tank car head shield resulting from a car-
coupling impact warrants that the structural adequacy be examined. This
condition is the largest stress that is found in the routine railroad
operating environment. The specification set forth in AAR .25 provide a

procedure for determining this adequacy, but some questions remain regarding
other factors that should be considered in a long term fatigue evaluation.
Thus, test conditions other than those of AAR .25 were added to the head
shield tests in order to obtain data for this evaluation. The data obtained
from these tests showed the currently applicable AR head shield specification
were met; susceptibility to fatigue will be examined in detail and reported
in a forthcoming document.
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APPENDIX A

CFR 179.100-23 HEAD SHIELDS

(a) After August 30, 1974, each end of a specification DOT-112A and 114A
tank car must be equipped with a protective head shield. The shield must
be:

(1) At least 1/2-inch thick, and made from steel produced in accordance
with specifications ASTM A242, A572-GRS0, A51S-70, AS16-GR70, or AAR TC-128B.

(2) In the shape and size of the lower half of the head of the tank
car or in the shape of a trapezoid with the following dimensions:

(i) A minimum width at the top of the center sill of
four feet six inches, measured in a straight
line between extreme edges;

(ii) A minimum width at the top of shield of nine feet
measured in a straight line between the extreme
edges. (For cars with diameters less nine feet,
the width of the head shield must not extend
beyond outermost portion of the head and be not
less than three inches from the outermost point
of the head.)

(iii) The top corners of the shield rounded to a minimum
radius of 9 inches;

(iv) The bottom corners of the shield rounded to a
minimum radius of three inches;

(v) All inside edges of the shield chamfered to a

minimum of 1/8-inch;

(vi) A minimum height of four feet six inches, and

(vii) Located so that the bottom of the shield touches
the top of the center sill.

(3) Shaped to the contour of the tank shell head, utilizing a
minimum of three vertical bend lines; and

(4) The head protection device must meet the impact test requirements
of paragraph AR 24-S in the "Specification for Tank Cars" Standard,
effective October 1, 1972. The impact test acceptance criterion is that the
device and its supporting structure does not sustain visible perment
damage or deformation such as fracture, cracks, bends, and dents. The
object of this requirement is to assure that the head shield has adequate
strength to remi attached and functionally unimpaired during normal
operations.

26
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(b) The heat protection device must moot all of the workmanship requirements
of the "MAR Specifications for Design, Fabrication, and Construction of
Freight Cars dated September 1, 1964" (Amendment 179-15, 39 FR 27S74,
July 30, 1974, as aended by Amendment 179-16, 41 PR 21476, ?day 26, 1976).

27



APPENDIX B

AAR.24-5 IMPACT TEST

(a) This test is optional by car builder but mandatory when requested by the
Car Construction Committee. An impact test may be performed using a minimum
of three cars backing up the test car and four impacting cars, each loaded
to a minimum rail load of 177,000 pounds. The brakes must be set on all
standing cars after all slack between cars has been eliminated. There must
be no precompression of the draft gears. The standing cars must be on level
tangent tracks. The striking cars, coupled together, must be used to provide
repeated impacts. After each impact, the standing cars must be adjusted if
necessary to restore the original condition. A series of impacts must be made
at increments of two miles per hour until a coupler force of 1,2S0,000 pounds
has been reached. A visual inspection of the test car must be made during
and after each of the tests. Any permanent damage requiring shopping of the car
for repairs will be sufficient cause for disapproval of the design. If
requested by the Car Construction Committee, strain gauges are to be applied
at critical locations and strains recorded during test. Critical locations
to be determined by stress coating or other approved method. Coupler forces
and impact speeds must be recorded.

(b) The test car must be loaded to at least the rail load limit for the
number and size of axles used under the car and must be equipped with the
draft gear or cushioning device for which the car was designed. All cars
other than test car must be equipped with draft gears meeting the requirements
of AAR Specification M-901 and either the struck or striking car must be
equipped with an approved means for measuring coupler force. The test car
must be impacted by a car of 70 ton nominal capacity, loaded to the allowable
gross weight on rails prescribed in 2.1.5.17 of the Design Manual in increments
of two miles per hour, until a coupler force of 1,2S0,000 pounds has been
reached. The impacting car should be loaded with a high density material to
provide a low center of gravity braced to prevent shifting. A visual inspection
of the test car must be made during and after each of the tests. Any
permanent damage requiring shopping of the car for repairs will be sufficient
cause for disapproval of the design. If requested by the Car Construction
Committee, strain gauges are to be applied at critical locations and strains
recorded during test. Critical locations to be determined by stress coating
or ozher approved method. Coupler forces and impact speeds must be recorded.
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(2) Strain gauges must be applied to both ends of the car at the
critical locations. Critical locations to be determined by engineering
judgment or stress indicating methods.

(3) The test car, empty, free to roll, must be impacted by a car of
70-ton nominal capacity, loaded to allowable gross weight on rail, in incre-
ments of two miles per hour, starting at 6 mph, until a coupler force of
1,250,000 pounds has been reached.

(4) Both ends of the test car must be impacted unless the head shields
and attachments are identical at each end.

(5) The measured strains must be converted to stresses using the
idealized true stress-strain curves of the material(s) involved. The peak
stress may not exceed the yield strength of the material as defined by the
0.2 percent offset method.

(6) A visual inspection of the head shield attachments and head shield
must be made during and after each of the tests. Any damage will be
sufficient cause for disapproval of the design.
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APPENDIX D

MEASURED STRAINS
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